Objective: The purpose of this investigation was to validate a real-time quantitative polymerase chain reaction (PCR) assay in identifying and quantifying Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis and Tannerella forsythensis from subgingival plaque samples taken from subjects with different periodontal conditions, when compared with conventional cultural procedures. Patients and Methods: Ninety-two adult subjects participated in this study, 32 with periodontitis, 30 with gingivitis and 30 healthy. A pooled subgingival sample was obtained from every patient. Culturing procedures were carried out using standard techniques. For real-time PCR analysis, primers were selected from sequences of the LktC (A. actinomycetemcomitans), Arg-gingipain (P. gingivalis) and BspA antigen (T. forsythensis) genes. Contingency tables were constructed to compare the qualitative results, while quantitative data were evaluated by paired t-test. Results: A. actinomycetemcomitans was the least frequently recovered species with both techniques. Prevalence of P. gingivalis was low in healthy patients, increased in gingivitis and peaked in periodontitis patients. The frequency of detection of T. forsythensis showed marked differences between culture and PCR, although the same tendency of an increase in prevalence from health to gingivitis and to periodontitis was observed with both methods. Contingency tables demonstrated a good level of agreement between PCR and culture procedures for A. actinomycetemcomitans and P. gingivalis, especially in periodontitis patients. P. gingivalis culture counts were
Culture techniques have been the classic diagnostic method to detect the bacterial species residing in the subgingival microflora. It is the only current method capable of identifying new species, determining the in vitro antimicrobial susceptibility of periodontal pathogens and able to identify and provide a quantitative measurement of viable microorganisms. As a result of this, it is still considered the gold standard in periodontal microbiology and remains an important means of characterizing the subgingival microbiota. However, these techniques have serious limitations, mainly the difficulty in recovering even cultivable species when they are found in low numbers. Moreover, significant bacterial species may be found in the subgingival biofilm, such as Treponema species and Tannerella forsythensis, which require stringent growing conditions and, therefore, are difficult to detect and quantify by means of culturing (Tanner et al. 1986 , Sakamoto et al. 2002 . Recently, novel subgingival bacteria have been identified, associated both with health and periodontal disease, which suggests that it is likely that many unidentified periodontal species still exist (Kumar et al. 2003) . These intrinsic limitations of bacterial culturing together with its stringent requirements, such as the need for experienced personnel, time and relatively high cost, have led to the development of different non-cultural diagnostic methods, mainly based on immune-diagnosis or nucleic acid-based detection methods (Chen & Slots 1999) . Overall, these methods have demonstrated a high degree of sensitivity and specificity in the detection of the putative periodontal pathogens; however, most of them are unable to adequately quantify the detected species and to test their antimicrobial susceptibility profiles. The recent advent of real-time polymerase chain reaction (PCR) with species-specific primers provides a very specific and sensitive method for an accurate detection of target microorganisms and, at the same time, allows for quantification of the individual bacterial species. Our research group has recently developed and tested a real-time PCR assay, based on single copy gene sequence and on the TaqMan chemistry, aimed at the quantification of Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis and T. forsythensis in subgingival plaque samples (Morillo et al. 2003 (Morillo et al. , 2004 . This assay has shown a high degree of specificity and a very reproducible and consistent methodology to quantify these pathogenic species. However, this test has only been evaluated on reference strains and therefore, its diagnostic utility on bacterial samples from subjects with different periodontal conditions is unknown.
The purpose of this investigation was to validate this real-time quantitative PCR assay, by comparing it with conventional cultural procedures, in identifying and quantifying A. actinomycetemcomitans, P. gingivalis and T. forsythensis, using subgingival plaque samples from subjects with different periodontal conditions.
Patients and Methods

Subjects
Ninety-two adult subjects participated in this study. They were recruited from among the patients referred for periodontal therapy to the Graduate Periodontal Clinic at the Faculty of Odontology, University Complutense, Madrid, Spain, as well as from among subjects working or studying in this academic institution who volunteered to participate in this study. This sample population received a standard periodontal examination (including fullmouth probing at six sites per tooth, evaluating probing pocket depth, clinical attachment level and bleeding on probing) and depending on their periodontal condition, they were assigned to one of the three groups according to the following criteria:
Periodontitis group (32 subjects): adult patients with untreated periodontitis, demonstrating radiographic evidence of alveolar bone loss in each quadrant of the dentition, and the presence of X4 sites with probing pocket depth X4 mm and an attachment loss X3 mm. Gingivitis group (30 subjects): adult patients with X3 teeth in each quadrant of the dentition, and no periodontitis, as demonstrated by having less than three sites with probing depth 43 mm and attachment loss 42 mm. These subjects were included in this group if they showed bleeding on probing in more than 25% of the sites. Healthy group (30 subjects): they had to fulfil identical criteria to gingivitis patients, except that in bleeding on probing, they have to show bleeding in less than 25% of the sites.
All these subjects were otherwise healthy and had not taken systemic antibiotics in the last 2 months prior to the beginning of the study. Since this study was limited to a comparison between two diagnostic microbiological techniques, no additional criteria were applied other than willingness to participate by signing an informed consent.
Bacterial sampling
A pooled subgingival sample from the deepest bleeding site with bone loss from each quadrant was obtained from all patients in the periodontitis group. In the healthy and gingivitis groups, four interproximal buccal sites from the first molars were selected (one per quadrant).
After careful removal of supragingival plaque deposits, isolation of the sampling sites with cotton rolls and gentle air-drying, two sterile #30 paper points (Zipperer, United Dental MFRS Inc., West Palm Beach, FL, USA) were inserted simultaneously into the depth of the pockets and left in place for 10 s. One paper point from each site was introduced into an empty 1.5 ml microfuge tube for PCR analysis, and the other point was introduced into a 1.5 ml reduced transport fluid (Syed & Loesche 1972) . Samples for PCR analysis were stored at À 701C and culture samples were processed within 2 h after sampling.
Culture procedures
Culturing procedures were carried out in the Laboratory of Oral Microbiology, Faculty of Odontology, University Complutense, Madrid, Spain. Samples were vortexed for 30 s and 10-fold serially diluted in RTF; 100 ml of each dilution was plated on non-selective 5% horse blood agar plates (Oxoid no. 2, Oxoid Ltd, Basingstoke, UK) supplemented with haemin (5 mg/l) and menadione (1 mg/l) for determination of the total anaerobic bacterial counts and determination of specific periodontal pathogens. Samples were also plated on Dentaid-1 medium (Alsina et al. 2001 ) for isolation and counting of A. actinomycetemcomitans.
Blood agar plates were incubated at 371C in 80% N 2 , 10% CO 2 and 10% H 2 . After 7-14 days of incubation, total anaerobic counts were assessed. The presence and numbers of the putative periodontal pathogens P. gingivalis and T. forsythensis were determined. Confirmation of identification was based on Gram staining and cell morphology, aero tolerance, production of catalase and other biochemical reactions (Rapid ID 32A, BioMerieux, SA, Le Balme les Grottes, France).
Dentaid-1 plates were incubated in air with 5% CO 2 at 371C for 2 days. Total counts of A. actinomycetemcomitans were obtained while identification was based on its characteristic colony morphology (star-like inner structure), a positive catalase reaction with 3% hydrogen peroxide and a set of specific enzymes (APIZYM, BioMerieux).
Real-time quantitative PCR
DNA extraction
Every sample was diluted in 150 ml Tris-EDTA buffer, and dispersed in vortex for 1 min. A mineral oil drop was added to each sample to avoid evaporation during the boiling step. Samples were incubated at 1001C during 20 min in a thermal block. Then, the solution was transferred to a clean microfuge tube without mineral oil.
Primers and probes
Primer and probe design was described previously (Morillo et al. 2004 ). Definitive primers were:
PCR products were 77, 71 and 65 bp length for A. actinomycetemcomitans, P. gingivalis and T. forsythensis, respectively.
Definitive TaqMan probes were:
Real-time PCR assay
TaqMan s Universal PCR Master Mix (Applied Biosystems, Foster City, CD, USA) supplied at a 2 Â concentration and containing AmpliTaq Gold s DNA polymerase, AmpErase s UNG, dNTPs with dUTP, Passive Reference 1 and optimized buffer was used for PCR analysis. The final concentration used a total volume of 25 ml and contained 12.5 ml 2 Â Master Mix, 3 ml of DNA template, 0.9 mM each primer and 0.25 mM probe and sterile distilled water to adjust volume. Real-time PCR was carried out in ABI Prism 7700 system (Applied Biosystems) with the following sequence: 2 min at 501C, 10 min at 951C and 40 cycles of 15 s at 951C and 1 min at 601C.
Data analysis
Counts of the selected pathogens identified by culture were calculated by direct measuring of the selected colonies with regard to the original sample.
Results are expressed in colony-forming units/ml (CFU/ml) and log transformed.
Counts of the selected pathogens identified by PCR results are expressed in C T . This is the cycle number at which the reaction begins to be exponential for a known number of DNA copies. Procedures were performed in triplicate, the mean value was calculated and the result was compared with a standard curve obtained with a known number of DNA copies (positive control) (Morillo et al. 2003 (Morillo et al. , 2004 . Means and standard deviations for the different bacterial counts using both techniques were obtained.
The qualitative results (presence or absence of the tested pathogens) from both diagnostic methods were plotted using contingency tables. From these tables, all the diagnostic parameters were calculated (sensitivity, specificity, positive and negative predictive values and positive and negative likelihood ratios) using culture as the diagnostic reference standard. This analysis was repeated using the PCR results as the reference standard. To evaluate the degree of agreement between both diagnostic methods, Pearson's coefficients were calculated. Conversely, the w 2 with the Yates correction test was used to assess the independence between both tests.
To compare the quantitative results obtained with both methods, the data were transformed in order to account for the different thresholds of detection from both techniques. This was done by transforming all the negative results obtained in a given sample into positive results just below the technique's detection limit. Under this assumption, we assigned a value of nine for all negative PCR results; 99 for all negative A. actinomycetemcomitans results in culture; and 999 for all negative P. gingivalis and T. forsythensis results in culture. Once the results from both diagnostic techniques were transformed, they were compared using a paired t-test. Table 1 describes the study population and group distribution. Ninety-two subjects were included, 32 being allocated to the periodontitis group, 30 to gingivitis and 30 to health. Table 2 describes the prevalence and mean counts of the examined species in the subgingival plaque samples from the three periodontal conditions using both diagnostic methods. A. actinomycetemcomitans was the least frequently recovered species with both techniques (0-6.7% for culture and 3.3-18.8% for PCR). The mean counts in positive samples were low in samples from health and gingivitis patients and increased in the periodontitis group with both methods. In this group, the mean counts obtained with culture were higher than with PCR (1.9 Â 10 5 versus 1.4 Â 10 4 ). The prevalence of P. gingivalis was low in healthy patients (20% for culture and 13.3% for PCR); increased in gingivitis (40% and 30%, respectively) and peaked in periodontitis patients (84.4% and 81.3%, respectively). The mean counts in positive samples were similar in both microbiological procedures, although higher in culture samples. A clear increase was observed from healthy patients to gingivitis patients, and from those to periodontitis patients.
Results
Study population and microbiological results
The frequency of detection of T. forsythensis showed marked differences between culture and PCR, although the same tendency of an increase in prevalence from health to gingivitis and to periodontitis was observed with both methods. The prevalence of T. forsythensis was very high in all disease groups when PCR was used for diagnosis (73.3% in health, 93.3% in gingivitis and 100% in periodontitis). Conversely, the prevalence of this species was low for all groups when culture was used for the analysis (3.3% in health, 10% in gingivitis and 25% in periodontitis). The differences in recovery between both diagnostic methods showed the same tendency when the mean counts were calculated (between 2 and 3 log 10 differences), although the same tendency of increased number of bacteria from health to gingivitis and to periodontitis was seen in the results from both techniques. The mean counts in positive sites were also always higher for PCR in all groups. Table 3 shows the comparative results regarding the detection of A. actinomycetemcomitans with both diagnostic methods. Overall, 82 of the patients were negative for both tests, three positive in both tests, six were PCR positive and culture negative, while only one was culture positive and PCR negative. Considering culture results as the reference standard, the sensitivity of PCR in periodontitis patients was 1.0, while the specificity and negative predictive values were 0.86 and 1.0, respectively. In this group the likelihood ratio for PCR was 7.5. As a result of the low number of culture-positive samples in both health and gingivitis patients, the diagnostic parameters for PCR were difficult to generate. A statistically significant association between the results obtained with both techniques was obtained for all samples (Po0.001), as well as for the gingivitis and periodontitis samples (Po0.001), thus demonstrating a significant agreement between both diagnostic techniques. Table 4 shows the comparative results regarding the detection of P. gingivalis with both diagnostic methods. Overall, 40 patients were negative in both tests, 32 were positive with both, seven were PCR positive and culture negative and the opposite occurred in 13 patients. The sensitivity of PCR was high when considering all patients or just the periodontitis group (0.711-0.926). However, it was low for healthy and gingivitis patients, because of the low frequency of detection of the pathogen. The same was true for the Table 5 shows the comparative results regarding the detection of T. forsythensis with both diagnostic methods. Overall, 10 patients were positive by both methods, and 12 were negative. Seventy patients were PCR positive and culture negative, while no patient was positive by culture and negative by PCR. The sensitivity of PCR was maximum (1.000) because of the absence of patients being culture positive and PCR negative. Conversely, specificity and positive predictive values were low (0.12 and 0.14, respectively) considering both, all patients or just the periodontitis group (0.00 and 0.25). This pathogen was clearly identified more frequently with PCR than with culture, and therefore no significant association was found between the results obtained with both techniques for all samples, as well as for the gingivitis and periodontitis samples. This clearly shows that for T. forsythensis, PCR was more sensitive than culture. Table 6 shows the sensitivity, specificity, positive and negative predictive values of culture when the PCR results were considered as the reference standard. For A. actinomycetemcomitans in periodontitis patients, the sensitivity was low (0.33) while the specificity and positive predictive values were maximum (1.0). For P. gingivalis, both the sensitivity and specificity were high (0.96 and 0.66, respectively), while the positive predictive value was also high (0.92). With regard to T. forsythensis, again the sensitivity was low (0.25) while the specificity and predictive values were maximum (1.0). Table 7 shows the comparative analysis of the bacterial counts obtained by each method. Using the method to transform the data defined earlier, the results demonstrated that P. gingivalis culture counts were significantly higher (Po 0.001) than those obtained by PCR, and this finding was consistent for all groups. The opposite was true for T. forsythensis, and statistically significant higher counts (Po0.001) were obtained by PCR, in comparison with culture, but only for gingivitis and periodontitis patients. Statistically significant differences were also observed for A. actinomycetemcomitans.
Qualitative results
Quantitative results
Discussion
The results from this study have shown that the tested real-time quantitative PCR assay is able to identify and quantify A. actinomycetemcomitans, P. gingivalis and T. forsythensis, with a high degree of sensitivity and specificity when compared with standard culturing techniques.
When tested for the detection of A. actinomycetemcomitans, real-time quantitative PCR yielded a prevalence of 18.8%. The evaluation of A. actinomycetemcomitans prevalence results in periodontitis patients using PCR technology gives very heterogeneous results when assessing the scientific literature, from very high prevalences (over 60%) reported in China (Tan et al. 2001b ), Singapore (Tan et al. 2002) , Korea (Choi et al. 2000) , Brazil (Avila-Campos & Velásquez-Meléndez 2002) and an oriental population in the USA (Umeda et al. 1998) , to relatively low prevalences reported in Taiwan (Yuan et al. 2001) , Japan (Takamatsu et al. 1999 , Okada et al. 2000 , Ireland (Mullally et al. 2000) , Greece (Kamma et al. 2001 ). In the UK, there are three studies, one showing high frequencies of detection (Doungudomdacha et al. 2001) , another intermediate (Riggio et al. 1996) and another low (Darby et al. 2000) . The explanations for this heterogeneity may vary in terms of patient selection, methodological issues, different bacterial serotypes and true geographical differences, although large ecological studies in specific populations around the world using standardized highly specific quantitative PCR should be performed in order to understand the true prevalence and geographical distribution of this bacterial species. When the presence of A. actinomycetemcomitans was evaluated with culturing techniques, it demonstrated a prevalence of 6.3% in periodontitis patients. A similar figure was also reported using bacterial culture (3.2%), in a previous study by our group with a comparable population in Spain (Sanz et al. 2000) , although a different culture medium was used in both studies. Low prevalences of this pathogen (20-40%) have been reported using bacterial culture throughout the world, although a geographical influence must not be discarded (for a review, see Sanz et al. 2000) . In this study, we have reported a prevalence of this bacterial species of 18.8% using PCR.
Comparing the culture and PCR results, a significant diagnostic agreement was found, especially when considering all groups of patients together. In six cases, PCR yielded a positive result, associated with a negative by culture. This could be explained by the lower limit of detection and the stringent growing conditions required by culture. Conversely, one gingivitis patient was positive by culture and negative for PCR. This case could mean a false positive identified by culture. This has been reported with the species Haemophilus aphrophilus, which can show cross-reactivity with some of the biochemical tests used to identify A. actinomycetemcomitans (Olsen et al. 2000) . Another possibility is the presence of false negatives with PCR. This could be justified by the presence of genetic variations in the sequence of the leukotoxin-C gene used as a primer for this PCR assay.
P. gingivalis was detected in 81.3% of the patients with periodontits using PCR and in 84.4% using culture. These results are higher than what has been reported in previous prevalence studies using culture (range between 27% and 51%) (for a review, see Sanz et al. 2000) . It is likely that there are important geographical differences, and Spain demonstrates a high prevalence of these bacteria. This fact was clearly demonstrated in a previous study comparing oral bacterial prevalence between the Netherlands and Spain (Sanz et al. 2000) . Using PCR, however, most of the studies have shown a high prevalence of P. gingivalis (over 50%), although some heterogeneity also exists among different geographical locations: in Japan between 78% and 95% (Amano et al. 1999 , Nozaki et al. 2001 , Takeuchi et al. 2001 , Fujise et al. 2002 ; in Korea 100% (Choi et al. 2000) ; in USA between 50% and 87% (McClellan et al. 1996 , TuiteMcDonnell et al. 1997 , Umeda et al. 1998 , Griffen et al. 1999 ; in Brazil 78% (Avila-Campos & Velásquez-Meléndez 2002); and in the UK between 50% and 65% (Darby et al. 2000 , Doungudomdacha et al. 2001 . In this study, we have reported a prevalence of 13% in healthy subjects and 81.3% in periodontitis, which is in agreement with most of the studies using standard PCR. When the results in the detection of P. gingivalis were compared between both techniques, they showed a significant agreement, especially in periodontitis patients. Overall, in 13 cases a positive culture result was associated with a negative PCR, and the opposite was true in seven cases. These seven cases can be easily explained by the culture lower detection limits. However, it is more difficult to justify the 13 culture positive PCR negative. In order to discard a possible technical failure, after evaluating the results, these negative samples were again processed using a standard PCR technique with 16S rRNA-specific primers (Wahlfors et al. 1995) , and the results were again negative for P. gingivalis. Another possible explanation could be the existence of a non-pathogenic P. gingivalislike phylotype with identical phenotypic features, since 11 out of the 13 cases were found in healthy or gingivitis patients. These species have only been described associated with animals (P. macacae and P. gulae); however, the presence of non-pathogenic subtypes, genetically related to P. gingivalis and very similar phenotypically, cannot be discarded (Allaker et al. 1997 , Fournier et al. 2001 , Norris & Love 2001 . This finding deserves further investigation.
T. forsythensis was detected in 100% of the patients with periodontitis using real-time PCR. This high prevalence has also been reported in Singapore (91%) (Tan et al. 2001a) , in the USA (between 84.5% and 100%) (Leys et al. 2002 , Umeda et al. 1998 , in Brazil (82%) (Avila-Campos & Velásquez-Meléndez 2002) and in Ireland (78%) (Mullally et al. 2000) . However, in healthy subjects we obtained a prevalence of 73.3%, which is higher than what has been reported in other studies (between 20% and 50%) . This discrepancy could be because of the primers used in this study, which can detect a sequence of very low size, since it is a single copy gene. When higher size sequences are used, there is less available DNA for the PCR amplification in the samples that have less number of target bacteria. Another possibility is that the selected primers might have also detected a recently reported phylotype (BU063) of this bacterial species, which is associated with gingival health, and with a possible antagonism mechanism with the pathogenic T. forsythensis (Leys et al. 2002) . These possibilities deserve further study.
Conversely, only 25% of the periodontitis patients were detected positively with culture for T. forsythensis. This percentage is much lower than the 64.5% reported previously by our group, and also lower than other previous results based on culture technology (Sanz et al. 2000) .
Comparing both procedures, PCR yielded a significantly higher prevalence than culture in all patient categories. These results could be partially explained by the lower detection threshold of PCR, but most likely the low detection demonstrated in culture is because of fastidious growth demonstrated by this bacterial species. T. forsythensis is a strict anaerobe, which grows very slowly in common media. The blood agar plates used in this study are not probably the most suitable medium for its growth, since it requires the presence of neighbouring colonies, such as P. gingivalis or Fusobacterium nucleatum that provides the essential Nacetyl-muramic acid for its growth. This significant difference between PCR and culture was also demonstrated when comparing counts in positive samples, the PCR counts being clearly higher, which is exactly the opposite to what was seen with P. gingivalis. In this latter case, because of the presence of haemin and menadione in the culture medium, if the pathogen was present, their growth could have been clearly favoured by the culture media used. Based on these results, the use of selective media for T. forsythensis enriched with N-acetylmuramic acid should be recommended when culture is used for its detection.
When culture was used as the diagnostic reference standard, PCR demonstrated a high sensitivity, specificity and positive predictive value in the detection of P. gingivalis in periodontitis patients (Table 4) . For A. actinomycetemcomitans, the sensitivity and specificity were also high, although the positive predictive value was low (Table 3 ). For T. forsythensis, only the sensitivity was high, the specificity and predictive values being low (Table 5) . The high sensitivity and specificity of the PCR detection of A. actinomycetemcomitans shown in this study in periodontitis patients (100% sensitivity and 86% specificity) is clearly better than the results obtained by Papapanou et al. (1997) using checkerboard detection (17% sensitivity and 89% specificity) and by Loesche et al. (1992) using DNA probes (14% sensitivity and 85% specificity). In the case of P. gingivalis, the obtained results in periodontitis patients (92% sensitivity and 80% specificity) are comparable with the 83% sensitivity and 67% specificity reported with checkerboard detection (Papapanou et al. 1997) but clearly superior to the 90% and 23%, respectively, reported with DNA probes (Loesche et al. 1992 ). In the case of T. forsythensis, our results demonstrate a high sensitivity but very low specificity, which is again comparable with the results obtained with checkerboard detection (Papapanou et al. 1997) and standard PCR (Lotufo et al. 1994) , which probably reflects the difficulties in recovering this bacterial species by culture. These difficulties in culturing and the development of improved new technologies always raise the issue as to what kind of appropriate reference standard should be used. In this study, we have also calculated the diagnostic validity of culture using quantitative PCR as the reference standard. Bacterial culture demonstrated a high sensitivity, specificity and predictive value for the detection of P. gingivalis. However, for detecting A. actinomycetemcomitans, and T. forsythensis, their respective sensitivity and positive predictive values were low (Table 6 ). These different results in diagnostic validity for both techniques can be explained by the different detection limits, being 10 bacteria for PCR and 10 2 -10 4 for culture, what results in the higher sensitivity demonstrated by PCR. The differences between the pathogens might be because of the specific growing conditions that limit their recovery by culture. This was clearly demonstrated for T. forsythensis.
When both techniques were compared for their ability to quantify the tested bacteria, without taking into account the different detection limits, culture showed significantly higher counts than PCR for P. gingivalis, while PCR showed significantly higher counts that culture for T. forsythensis. These results could be explained by the difficulties for growing in culture media demonstrated by T. forsythensis previously discussed, and the converse enhancement of P. gingivalis in culture because of the enrichment with haemin and menadione in the medium used. A. actinomycetemcomitans results are difficult to interpret due to the low frequency of detection.
In conclusion, our study demonstrated a good agreement between the quantitative PCR technology and the culture procedure. The discrepancy was attributed mostly to the lower detection limits of bacterial culture and the difficulties in growth demonstrated by T. forsythensis. The high sensitivity and specificity of the quantitative PCR technology justify its use in epidemiological studies of periodontal diseases. Moreover, its capability of accurate quantification would also justify its use as an adjunct in the clinical diagnosis of periodontal patients. However, it is important to keep in mind a major advantage of culture techniques, its capability to detect multiple bacterial species coincidentally, to detect unexpected bacteria, as well as allowing the determination of antibiotic resistance.
